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Abstract
The LIGA process potentially enables economic mass-production of devices with
high aspect ratio geometry. Central to the LIGA process is the fabrication of high
quality LIGA molds. But in the traditional LIGA mold insert fabrication process,
the x-ray photoresist poly- methyl- methacrylate (PMMA) is not highly sensitive to
x-rays and a thick piece of PMMA sheet (>1mm) needs too much time to get
exposed (bottom dose: 3500J/cm3 ), which results in excessive cost/ fabrication
difficulty of the mold insert. Thus, in this thesis a negative photoresist SU-8 was
tested as an x-ray photoresist in the LIGA fabrication process. SU-8 is much more
sensitive (bottom dose: 20 J/cm3 ) than PMMA to x-rays, and the exposure time for
SU-8 is decreased by a factor of a few hundred compared to PMMA, which is the
primary motivation of this thesis. From the preparation of SU-8 samples to the
removal of exposed SU-8 embedded in the electroplated nickel mold insert, the
whole procedure for LIGA mold insert fabrication using SU-8 photoresist was
successfully developed in this thesis. Compared with several other removal
methods, ashing in nitrogen was selected as the method to remove the SU-8
embedded in the electroplated nickel mold insert because it is effective and
inexpensive. Next the Scanning Electron Microscope (SEM) photos were taken to
analyze the removal of the SU-8. Since the SU-8 removal was involved a high
temperature (600°C) step, the mechanical properties of the mold insert were
degraded. Therefore, the strength and microhardness were tested to quantify the
degradation. It was found that the microhardness was reduced about 46.8% and
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the modulus of rupture was reduced about 38%. For most applications, the
degradation of strength and hardness is still acceptable.

v

Chapter 1 Introduction
1.1 Introduction to LIGA
LIGA is a micro fabrication technique that was developed first in the Research
Center Karlsruhe, Germany. LIGA can be used to fabricate microstructures with
arbitrary lateral geometry, lateral dimensions down to below 1 µm and heightwidth aspect ratios up to 500 from a variety of materials (metals, plastics, and
ceramics)[1]. It is the German acronym for X-ray lithography (X-ray
lithographie), electrodeposition (galvanofromung), and molding (abformtechnik).
The LIGA process (Figure 1.1) begins by lithographically patterning an x-ray
sensitive resist (historically the x-ray resist of choice is poly -methyl-methacrylate
(PMMA)) with a collimated source of x-ray radiation (such as emitted from a
synchrotron). After development, polymeric structures are left standing on a
supporting conductive substrate. An electroforming procedure is used to fill in the
voids between the polymeric features.

After the electroforming process is

completed, the polymeric resist is stripped, leaving a metal mold tool that can be
used repeatedly to reproduce secondary polymer, ceramic or metal micro features
nearly identical to those produced by the original x-ray lithography process.
LIGA is a hybrid fabrication technique combining IC and classical manufacturing
technologies. The method borrows lithography from the IC industry and
electroplating and molding from classical manufacturing. LIGA not only has the
same ability as classical machining to create a wide variety of shapes from
different materials, but also is able to create structures with high aspect ratio and
reasonably good absolute tolerances. The LIGA bandwidth of possible sizes in
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three dimensions makes it potentially useful, not only for microstructure itself
(micron and submicron dimensions), but also for the manufacture of
microstructure packages (millimeter and centimeter dimensions) as well as
collectors from those packages to the macroworld [2].
Until now, polymethyl methacrylate (PMMA) has almost exclusively been used as
the x-ray resist of choice. An X-ray resist should have the following properties:
•

High sensitivity to x-rays and appropriate absorptivity of x-rays

•

High contrast in the developer (the ratio of dissolution rate in the
unexposed and exposed areas should be approximately 1000 to obtain
excellent resolution or microfeatures)

•

Good adhesion to the substrate

•

Thermal and chemical stability throughout following processes (i.e. e., the
electroforming step)

•

Easily removed after the electroforming step is completed

•

In some cases excellent resistance to dry and wet etches used in
downstream processes

PMMA is a positive resist that, with the exception of a relatively poor sensitivity
(which causes the time to expose thick resist layers to be excessive), has good
properties overall as an x-ray resist.

For example, developed PMMA LIGA

structures have excellent resolution (dimensional control within 1 micrometer),
and have smooth flat sidewalls. PMMA is stable in nickel electroforming baths
that are typically used to electroform mold inserts. When the electroforming
process is completed, PMMA is easily removed with solvents such as acetone.
This thesis explores the use of another x-ray resist, SU-8 to fabricate mold inserts
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using the LIGA process.

Important differences between SU-8 and PMMA

include:
•

The sensitivity of SU-8 is approximately 200 times greater than PMMA

•

SU-8 is a negative resist

•

SU-8 is not easily removed after the electroforming process is completed
by chemicals/solvents.

•

PMMA has a critical top-to-bottom dose ratio of around 5-10; SU-8 does
not seem to have a critical top-to-bottom dose ratio.

It will be shown, for certain very tall high aspect ratio features, the extremely
improved sensitivity of SU-8 gives it a great advantage over PMMA that
outweighs the difficulties associated with removing the SU-8 after the mold tool is
fabricated.

1.2 Motivation of Using SU-8 as the Photoresist for LIGA
Fabrication
An x-ray resist ideally should have high sensitivity to x-rays, high resolution,
resistant to dry and wet etching, thermal stability of greater than 140°C and a
matrix or resin absorption of less than 0.35µm-1 at the wavelength of interest. To
get high aspect ratio microstructures with tight lateral tolerance, the contrast
between the unexposed part and the exposed part must be very high. That means
one part is easily dissolved, and the other part is almost unsolvable. The resist
must also exhibit very good adhesion to the substrate and be compatible to the
electroplating process. This imposes that the resist glass temperature must be
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Figure 1.1 LIGA fabrication sequences: (a) synchrotron irradiation of photoresist,
(b) development of exposed photoresist, (c) electroforming of metallic
microstructures, (d) making of mold insert, (e) mold filling and (f)
demolding.
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greater than the electroplating bath temperature to keep the resist features no
deformation.
Due to excellent contrast and good process stability, known from electron-beam
lithography, PMMA is the preferred resist for deep-etch synchrotron radiation
lithography.
Within the Microsystems Engineering Group (µSET) there is considerable effort
focusing on using the LIGA process to fabricate a number of products that take
advantage of the superior heat transfer/mass transfer associated with small scale.
These include micro heat exchangers, catalytic converters, and micro reactors for
fuel cells. In almost all cases, the heights of the features on the mold tools that are
used to emboss/injection mold the products exceed 1 millimeter. Presently, great
effort is being pursued to extend the typical height of LIGA mold features to 2-3
mm [3, 4].
As the desired height of LIGA features has increased over the last few years, the
use of PMMA has become problematic because the time required exposing
"thick" sheets of PMMA becomes excessive. Independent of the x-ray source,
two factors control the time required exposing a sheet of PMMA. First, the
bottom dose absorbed by the PMMA must equal approximately 3500 J/cm3 to
insure that the features will develop all the way through the thickness of the
PMMA. Second, the top-to-bottom dose ratio must not exceed ten. The top-tobottom dose ratio is the ratio of dose absorbed in the top layer of the PMMA to
the dose absorbed at the PMMA-substrate interface. If the dose is too high, then
the PMMA becomes damaged so significantly that feature resolution is lost. To
maintain an acceptable top-to-bottom dose ratio, filters must be installed to absorb
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low energy photons that are absorbed completely in the top layer of the PMMA.
Filtering requirements become progressively more stringent as the thickness of the
PMMA sheet increases. The primary motivation for using SU-8, whose properties
are discussed in depth in the next section, is the fact that while the absorptivity of
SU-8 is approximately equal to that of PMMA, the sensitivity is around 200 times
greater (the bottom dose for Su-8 should equal approximately 15 J/cm3), so the
exposure time will decrease by two orders of magnitude. Furthermore, because
SU-8 does not have a top-to-bottom dose criteria, filtering is not needed, and
therefore, the reduction in exposure time is even greater than that predicted by a
comparison of the critical minimum doses (the bottom doses). Table 1.1 provides
a comparison of exposure times for typical samples as a function of resist
thickness. The table assumes a radiation spectrum and flux associated with that
output by the Center for Advanced Microstructures and Devices (CAMD)
operating at electron energy of 1.3 GeV with a beam current of 100 milliamps.
While it is feasible to expose PMMA sheets of thickness 500 micrometers in
"reasonable" periods of time (5-6 hours), it becomes ludicrous to expose thicker
sheets (approximately 100 hours to expose a 2000 micrometer thick sheet of
PMMA). The need to use SU-8 is obvious since the 2000 micrometers thick sheet
of Su-8 is exposed in less than 14 minutes.

1.3 Background Information on SU-8
The SU-8 is an EPON SU-8 epoxy resin (from Shell Chemical) that has been
originally developed, and patented (US Patent No. 4882245 (1989) and others) by
IBM. It has been the focus of many studies over the last five years as a deep UV
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Table 1.1 Exposure times for 1.3 GeV radiation at CAMD, current = 100
milliamp, scanlength = 4 cm, x-ray mask membrane: 100 µm thick graphite
PMMA
exposure
time (minutes)

Aluminum filter
thickness for
PMMA

PMMA top-tobottom dose
ratio

2000 µm

SU-8
exposure
time
(minutes)
13.7

5947

50 µm

9

1500 µm

8.4

2959

30 µm

9

1000 µm

4.4

1143

9.1

500 µm

1.9

352

10 µm
None

Resist
Thickness

5.9

negative photoresist. Two companies have now bought a license from IBM to sell
the photoresist [5].
•

MicroChem Corp., (USA), under the name NANO SU-8 ### with
different viscosities (SU-8 5, SU-8 10, SU-8 25, SU-8 50, SU-8 100)

•

SOTEC Microsystems, (Switzerland), under the name SM10#0 with
different viscosities (SM1040; SM 1060; SM1070)

The SU-8 photoresist consists of a multifunctional, highly branched polymeric
epoxy resin dissolved in an organic solvent, along with a photoacid generator. The
epoxy resin consists of a bisphenol, a novolac glycidyl ether.

An idealized

structure for the polymer can be shown as figure 1.2[6].
We say “indealized” because in reality the molecules exist in a wide variety of
sizes and shapes, but a typical molecule is as shown above. On average a single
molecule contains 8 epoxy groups, hence the “8” in SU-8.
The SU-8 resist contains a Photoacid generator (PAG), at a level of a few mass
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Figure 1.2 Structure of SU-8
percent based on the epoxy resin. The PAG in SU-8 consists of a triarylsulfonium
salt. A photochemical transformation takes place upon absorption of a photon and
the product is a strong acid. The reaction can be described by the equation (figure
1.3).

Figure 1.3 Photochemical reaction of SU-8
Photoacid, designated H+A- in the equation above, is photochemically produced
in the solid photoresist film upon absorption of light, and therefore is present only
in the regions of photoresist that are directly exposed to light. The photoacid acts
as a catalyst in the subsequent crosslinking reaction that takes place during post
exposure baking (PEB). The catalyst is present only in regions irradiated by
photons, therefore, the resist crosslinks during the PEB only in regions that have
been irradiated.
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The bake is necessary because the crosslinking reaction is very slow at ambient
temperature, since the glass transition temperature of the solid resist film is about
55°C, and very little reaction can take place in the solid state where molecular
motion is effectively frozen. The crosslinking reaction, which is catalyzed by
acid, takes place where each epoxy group can react with another epoxy group,
either in the same or different molecule. The crosslinking reaction does not occur
in the absence of acid. The reaction can be described as figure 1.4.

Figure 1.4 The illustration of SU-8 crosslinking reaction
The exposed, crosslinked resist is insoluble in organic developers, while the
unexposed uncrosslinked resist dissolves in SU-8 developer, thus forming a
negative image of the mask (SU-8 features exist in "transparent" regions of the xray mask).
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Standard UV lithography has been used to pattern SU-8 features with heights as
great as 2 mm and aspect ratio >20 [7, 8]. After PEB, cured SU-8 is highly
resistant to solvents, acids and bases and has excellent thermal stability, making it
well suited for applications in which cured structures are a permanent part of the
device. Of course LIGA still yields better results but low-cost applications will
undoubtedly benefit from this resist that is well suited for acting as a mold for
electroplating because of its relatively high thermal stability (Tg>200C for the
cross-linked (i.e., exposed) resist)[2].
SU-8 2000 series, a new product from the Microchem Corp., can provide some
more advantages: [9]
•

Improved wetting on silicon, glass, metals and other low surface energy
Substrates

•

Edge bead can be cleanly removed immediately after spin-coating

•

Faster drying for film thickness up to about 50 micrometers

SU-8 is widely used in micromachining, other micro electronic devices and many
optical devices. The following is the table about the application of SU-8.
In recent years, the use of SU-8 as an x-ray resist has been investigated. The
mechanism of crosslinking using x-rays is very similar to that of UV radiation.
The advantage of SU-8 relative to PMMA is the extremely improved sensitivity of
SU8. However, there are some important difficulties for SU-8 used in LIGA. The
first challenge is that the exposed SU-8 is difficult to remove, which is a key issue
in SU-8 machining. Secondly the resolution of SU-8 machining is not as good as
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Table 1.2 Application of SU-8
MEMS/Micromachining

Other applications

Ink jets

Nano imprinting (PDMS

Optical waveguides and other micro optical
devices
Micro fluidic devices

Advanced packaging
(dielectrics)
E-beam direct write

Rapid prototyping

Displays

PMMA. However, for the case of features with minimum widths of 100
micrometers such as produced for most of the heat transfer/mass transfer
applications that are being investigated by our group, the resolution problem is not
significant.

1.4 Goal of Research
The general of goal of this research is to demonstrate the feasibility of
incorporating SU-8 lithography into the LIGA process to fabricate nickel mold
inserts with features exceeding one millimeter. Since SU-8 is more sensitive to xrays than PMMA and can easily be developed, using SU-8 as an x-ray resist for
LIGA can potentially decrease the cost of the nickel mold inserts with feature
heights that exceed 1 mm. However, to use SU-8 in place of PMMA a number of
technical issues need to be addressed. SU-8 is a negative photoresist, sensitive to
optical light.

SU-8 is sold as a liquid and no commercial SU-8 sheets are

available, so applying a thick film of SU-8 to a substrate requires a different
process (PMMA sheets of desired thickness are available commercially and are
bonded to a substrate). We need to find reasonable value of x-ray dose for SU-8
exposures. A post exposure bake is needed to initiate the crosslinking reaction in
the exposed area. Here, we need to determine acceptable temperature and time of
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the post exposure baking process for thick SU-8 films. We have to find
appropriate developing parameters for thick SU-8 films. The nickel mold insert
can be made by electroplating nickel on the substrate in nickel sufamate bath,
which is the same as the nickel electroplating in LIGA using PMMA as the
photoresist. In our effort, we continued electroplating after the voids between the
SU-8 features were filled with metal. Eventually, the regions of electroplated
metal merged into a continuous plate.

After the over plate thickness was

sufficiently thick (more than 1.5 millimeters), the electroplated metal was
mechanically debonded (pried off with a screwdriver) from the original substrate.
Finally, we needed to develop a procedure to remove the exposed SU-8 that was
trapped between the metal features in the mold insert.
The thesis will give a literature survey concerning the SU-8 used in fabricating
mold inserts; SU-8 used as the x-ray photoresist and exposed SU-8 removal in the
chapter 2. Chapter 3 describes the experimental methods that will include SU-8
sample preparation, x-ray exposure, develop, electrodeposition and SU-8
removing. In chapter 4, the microhardness and the mechanical strength of the
mold insert will be discussed and compared with the mold insert made by LIGA
using PMMA as the photoresist. And conclusions and some suggestions will be
given in chapter 5.
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Chapter 2 Literature Survey
SU-8 is a negative resist that has been extensively studied within the last ten
years. Much of the excitement surrounding SU-8 is associated with the ability to
expose and develop relatively thick resist layers (10s to 100s of micrometers in
height) using UV light sources. The term "poor man's LIGA" is associated with
the ability to fabricate "LIGA-like" microstructures without the need for an
expensive and often remote synchrotron radiation source. More recently, the use
of SU-8 as an x-ray resist has drawn more attention. While UV light sources can
be used to fabricate features 100s of micrometers in height, even greater
resolution and feature heights can be achieved using SU-8 as an x-ray resist. This
chapter provides a background on the research to quantify the performance of SU8, first as a negative UV photoresist, and later as a negative x-ray resist.

2.1 The Use of SU-8 in Mold Insert Manufacture
SU-8 is widely used in micromachining applications such as micro fluidic devices,
micro optical devices, and E-beam printing, advanced packaging, etc. [9]. In this
thesis the use of SU-8 to make mold inserts is focused upon. Examples are listed
as follows:
a) A plasma display panel (PDP) barrier-rib structure metal mould was
manufactured by Son et al. [10] using the UV-LIGA process with a thick negative
photoresist (SU-8 50:Microchem Corp.). By using the mold, the high aspect ratio
barrier-rib structures can be fabricated inexpensively. The copper mold had
features 120-210 µm in height, good surface roughness, and uniform thickness.
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This is a good example demonstrating the potential of UV lithography combined
with SU-8 to fabricate mold inserts with heights of a few hundred micrometers.

a

b

Figure 2.1 SEM images of the copper mould box type, (a) 120 µm height and 70
µm, 180 µm gap, after removal of PR residue by O2 and CF4 plasma process;
(b) stripe type with 210 µm height and 20 µm gap, after PR removal;

Figure 2.2.a SEM view of a gear with Figure 2.2.b SEM view of a 2.1 mm
structures defined in SU-8
a 450 µm thick resist layer. (b)
SEM view of a 2.1 mm structures
defined in SU-8.
b) Using a UV light source, H. Lorenz et al. [7] fabricated an SU-8 gear mold
with thickness of 450 um thickness posts with thickness as high as 2.1 millimeter
(Figure 2.2a,b). Since the UV-light was used as the lithography source, the walls
were not straight or vertical and some dimensional control was lost. But the effort
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does show some of the potential to combine SU-8 with a UV light source to
fabricate tall microstructures exceeding one millimeter.

2.2 SU-8 as an X-ray Resist
A.L. Bogdanov and S.S. Peredkov [11] published a paper about using SU-8
photoresist for very high aspect ratio x-ray lithography. The details of photoresist
preparing, prebake, x-ray exposure, post exposure bake and development were
given in this paper. The softbake temperature used by A.L. Bogdanov and S.S.
Peredkov was 90ºC. The bottom dose for the exposure used was 52 J/cm3. The
post bake temperature was used as 90ºC. Several graphs were shown in this paper
with the aspect ratio as high as 100:1(height: width) (Figure 2.3).

2.3 SU-8 Removing
As mentioned earlier, the advantages of SU-8 with respect to PMMA (the great
improvement in sensitivity) is offset by the fact that SU-8 is very difficult to
remove after the post bake. In the case of mold inserts, the SU-8 must be removed
and methods to remove it must be explored. Different methods are discussed in
this section.

2.3.1 Burn in Air/ Burn in Nitrogen
Since SU-8 is a hydrocarbon polymer it will react with oxygen at elevated
temperature and produce carbon dioxide and water. The degree to which the SU-8
is completely burned (and the amount of carbon deposit residue that remains) is a
function of the temperature (Figure 2.4). When the temperature is higher than
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Figure 2.3 (a) SU-8 thickness 400 µm. Aspect ratio (AR) is 100:1; SEM photo is
taken at 45º tilts. (b) Resist thickness is 360 µm; lines are 20 µm wide/spaces
are 15 µm. AR is 20:1. SEM photo is taken at 60º tilts. (c) 8 µm diameter
pillars in 480 µm thick SU-8. Selected fragments are shown in micrographs
d, e. AR=60:1; SEM photo is taken at 60º tilt. (d) Diameter of the pillar at the
top is 8 µm. Roughness of the pillar walls looks less than 0.2 µm, and walls
verticality is almost perfect. (e) Foot of the pillar is slightly wider. This may
be a result of some additional exposure by photoelectrons emitted from the
substrate. Diameter of the pillar at the foot is 9 µm.
600°C, the removal is SU-8 is effectively complete.

However, at elevated

temperatures, the metal mold insert surface will be oxidized, which potentially can
result in the decreasing of mold insert lifetime. To prevent the oxidation of
surface of the nickel mold inserts, it’s much better that an ashing process be used
in an inert atmosphere such as nitrogen to remove the SU-8.

In the high

temperature (500-600 0C) [12], the SU-8 involves pyrolysis and some oxidation.
The metal is not exposed to oxygen and therefore, oxidation of the mold insert
surface is minimized. The removal of the SU-8 also acts as an annealing step for
the nickel mold inserts. For the case of an electroformed insert, the annealing step
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results in an unwanted loss of hardness and strength of the mold inserts.
Discussion about this will be given in the chapter 4.

Figure 2.4 Ashing of SU-8 in air

2.3.2 Dry Stripping SU-8 Negative Photoresist
The “Focµs” microwave downstream plasma chamber (patented by the Matrix
Integrated System) features a powerful 3000-Watts microwave power supply and
a liquid cooled sapphire applicator source [13]. These features enable high
dissociation of reactive species, fluorine compatibility and continuous, sustained
plasma generation for exceptionally long process times. For removal of thick
organic films of up to 750 microns, process times of up to 1 hour have been
routinely and reliably demonstrated.
Experiments were performed using the Matrix single-wafer platform with
“Focµs” source operating a variety of process recipes to demonstrate complete
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removal of SU-8. The SU-8 film was provided by MicroChem on blanket coating
of 100mm silicon wafers with standard preparation thickness of 50 microns. In
each case, the wafer was cleared completely of SU-8 during plasma processing.
Plasma Process Recipe Details:
Fixed Parameters: Oxygen flow 5.3 LPM (Liter per minute)
Nitrogen flow 0.5 LPM
Chamber Pressure 1.0 Torr
Plasma Power 2500 Watts
Variables:

CF4 3% – 25%
Wafer Chuck Temperature 150 – 230 °C

Figure 2.5 SU-8 stripping results with 3%, 10%, and 25% CF4 in O2 plasma

2.3.3 Removal of SU-8 Photoresist for Thick Film Application:
Wet Technique
Sandia National Laboratories has developed two kinds of standard solvent
mixtures, Magnastrip and MS-111, which successfully strip the exposed SU-8
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[14]. Both solvent systems remove the resist through crazing and peeling rather
than dissolution. But this technique could not be used in high aspect ratio features.
A far more reliable alternative, a molten salt bath, has been developed in the
Sandia lab. The salt bath is a mixture of sodium nitrate and potassium hydroxide
operated at 300-350°C and is efficient at completely oxidizing the highly
crosslinked material with little detectable effect on the Ni parts. This technique
has been used to make parts several hundred microns thick. The time of the
removing process is typically less than one hour. Next an example is shown below
(Figure 2.6).

Figure 2.6 NiFe tensile test part from SU-8 molds and UV proximity printing.
The SU-8 mold was 350 um thick and the SU-8 was stripped using a molten
salt process bath at 320°C in approximately 30 minutes.

2.3.4 Removal of SU-8 Moulds by Excimer Laser Micromachining
SU-8 can be completely removed by scanning the laser beam over the wafer. This
was performed with a spot size of 1.2mm x 0.8 mm at a fluence of 0.4 J/cm2 with
700 shots and a laser repetition rate of 80 Hz [15].
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From figure 2.7, it can also be observed that the variation of etch rate with fluence
is similar for all the prebake temperatures studied. With the fluence increases, the
etch rate increases. Figure 2.8 depicts the etch rate variation of SU-8 with
increasing number of shots up to 400 shots. The etch rate is almost constant up to
a stage beyond which it falls rapidly. This trend is observed to be the same at all
the laser fluences in the range 0.11 to 3.01 J/cm2, though the number of shots at
which the rapid fall occurred in each case is different. This behavior is a direct
consequence of the limited amount of SU-8 available for ablation in the resist
layer spun on silicon. When the overlayer is consumed the laser pulses are
incident on silicon, which has a very low ablation rate. At higher fluences, the
decrease in etch rate occurs after fewer laser shots and is consistent with the
removal of most of the SU-8 layer thickness. Etch rate variation of SU-8 with
laser fluence (figure 2.7) shows that an ablation threshold of about 0.050 J/cm2,
below which no etching is observed.

Figure 2.7 Variation of SU-8 etch rate with laser fluence for the indicated prebake
temperatures.
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Figure 2.8 SU-8 etch rate variation with number of shots.

2.3.5 SMST Stripper
The SMST stripper is produced by SOTEC MICROSYSTEMS. The company
states that it strips the polymerized SU8 and produces no delamination and doesn’t
attack nickel. The results of the stripping are shown on figures 2.9. Fig 2.9 (a)
shows the original SU-8 structure. The devices is 500 µm thick and about 1 cm in
length; figures 2.9(b) - 2.9(d) show the structure after respectively 10, 20 and 30
minutes of stripping [12]. The etch temperature was 100 degrees C. All these SU8 removal experiments were showed successfully for separated SU-8 posts, but we
don’t know exactly what’s the effect for the SU-8 posts trapped between the metal
features in the mold insert. Only after experiment, we can know if this kind of SU8 stripper is successful to remove the exposed SU-8 trapped between the nickel
features in the mold insert or not.
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a)

b)

c)
d)
Figure 2.9 Etching (@100 degrees C) of an SU8 structure, thickness: 500 µm,
length 1cm. (a) original structure (b) after 10 minutes (c) after 20 minutes (d)
after 30 minutes

Figure 2.10 Etching of SU8 with SMST-M
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Chapter 3 LIGA Mold Insert Fabrication
Procedure Using SU-8
Traditionally, PMMA is the x-ray resist chosen for the LIGA process. The
motivation for exploring the use of SU-8 as an x-ray resist was outlined in Chapter
1. The LIGA procedure using SU-8, while similar to the procedure using PMMA,
is different in a number of ways. Thick films of SU-8 must be cast on a substrate,
while thick sheets of PMMA are bonded to the substrate. As mentioned earlier,
the exposure and development sequences are very different. Finally, the removal
procedures are quite different.

3.1 SU-8 Sample Preparing
Generally SU-8 can be spun to desired thickness that is determined by
viscosity/spin coating parameters (spin speed and duration time). But the spincoating method allows a maximum thickness of less than 1000 µm with good
uniformity. Thicker SU-8 layers need to be cast rather than spin coated. The
casting procedure is described as follows:
First, a substrate must be selected that the SU-8 resist will be cast on. The
substrate should be strong and stiff and electrically conductive. Internal stresses
that might cause the substrate to deform during processing steps (post baking, pre
baking, electroplating) should be minimal. A method to establish a sufficiently
strong bond between the substrate and the SU-8 is needed to keep the SU-8 layer
attached throughout the entire process sequence. Since an overplating technique
will be used to fabricate the micro mold insert, an appropriately weak bond
between the substrate and the plated nickel microstructure is required to facilitate
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the separation of the substrate from the electroformed structure after the
electroplating is finished.
To satisfy the requirements above, a stainless steel plate with five-inch diameter
and 0.25 inch thickness is used as the substrate. The substrate is washed with
soap, tap water, deionized water, acetone, IPA (Isopropyl Alcohol), and deionized
water. The top surface of the substrate is sandblasted to enhance the bonding
strength between the SU-8 and the substrate. The substrate is then ultrasonically
cleaned again in tap water, soap, IPA, and deionized water. Next, the substrate is
baked in the oven with 120°C for 30 minutes to remove the water from the
substrate. When the substrate is dry, the casting step can begin. During the casting
process, the solvent within the SU-8 evaporates and the initial thickness of the
liquid cast film decreases over time. To reduce the time required to drive off the
solvent, types of SU-8 with less solvent were used.

In this effort, the

comparatively viscous SU-8 2075 was used. The SU-8 2075 has about 73% solids
content by weight [9], but casting experiments show that after the pre-baking is
finished, the height of the cast film is approximately 55% of that initially poured.
Therefore, the solids content, by volume, is much lower than the 73%. The
casting procedure, using the casting jig shown in Figure 3.1 below is as follows:
a. After cleaning substrate, center PVC ring on the substrate.
b. Pour measured volume of SU-8-2075 in the ring for the desired thickness.
A table relating poured volumes to final thickness is shown in table 3.1.
c. Turn on the hotplate, set the temperature 105°C.
d. After baking for about 36 hours (for 1500um SU-8), turn off the hotplate,
and let the SU-8 sample cool down to the room temperature. The entire
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Temperature
controller

Casting mould

Figure 3.1 The SU-8 casting jig
Table 3.1 The relation between the volume and the thickness of SU-8
Volume poured (ml)

Final SU-8 height (before machining)

10

0.7 mm

15

1.05 mm

20

1.4 mm

25

1.76 mm

30

2.11 mm

pre-bake should be performed in yellow light, or preferably, under metal
foil to prevent any undesired exposure of the SU-8.
e. An overplating technique will be used to fabricate the mold insert.
Therefore, the height and planarity of the final insert are governed by the
thickness and flatness of the SU-8 cast film. Therefore, after casting, it is
very important to flycut the top surface of the SU-8. At this point, the SU8 is ready for the lithography step.
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3.2 X-ray Exposure
X-ray lithography is superior to optical lithography because of the use of a shorter
wavelength and a very large DOF (Depth of Focus) and due to the fact that
exposure time and development conditions are not as stringent. Another important
benefit is that the lithography is immune to low atomic number particles
contamination (dust). Since the x-ray wavelength is on order of 10A or less,
diffraction effects generally are negligible and proximity masking can be used.
The obtainable aspect ratio, defined as the structural height or depth to minimum
lateral dimension, can exceed 100. With UV photolithography, even under special
conditions, the maximum aspect ratio is approximately ten [2].
X-ray lithography requires an x-ray mask. The details of the process used to
fabricate the gold absorber-graphite membrane mask are described in Harris [4],
and will not be discussed in this work. Two masks were used to lithographically
pattern SU-8 is shown in Figure 3.2. One mask, which was eventually to be used
to fabricate a ceramic catalytic converter, is shown in Figure 3.2a.

The

dimensions of this mask are shown in the figure 3.2a .The graphite membrane
thickness was 250 µm and the gold absorber thickness was 32 µm. The second
mask is used to fabricate a metal mechanical seal.

It consists of a ring of

transparent regular hexagonal features within the gold absorber background and is
shown in Figure 3.2b. The graphite membrane thickness was identical to the
catalytic converter mask and the gold absorber thickness was 30 µm.

The

dimensions of the transparent features are shown in the Figure 3.2.
The x-ray lithography was done at the synchrotron facility at the CAMD. First, the
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400 µm

520 µm

a. The mask for the catalytic converter b. The mask for the small metal seal
with the hexagon Diameter 600µm
with the hexagon diameter 300 µm
Figure 3.2 X-ray masks
x-ray dose needed to be calculated. For SU-8, the optimum bottom dose is still
unknown. It must satisfy the requirements that the unexposed part be completely
developed and the exposed part will not be etched; MicroChem suggests bottom
(minimum) does of 30J/cm3 [9]. As will be discussed, subsequent experiments
using lower doses (20 J/cm3) were shown to produce better results. Using the
catalytic converter mask, it is difficult to completely develop the desired SU-8
features because the interspaces (100µm) between posts are small. In recent
months, the ability to define such features has greatly improved. Using the small
seal mask, it is far easier to obtain well-defined completely developed features
because the interspaces between structures are about 300µm. To make progress
towards demonstrating the feasibility of fabricating a mold insert using SU-8, the
well-defined SU-8 features produced by the small seal mask were focused upon.
Next 20mJ/cm3 was tried as the bottom dose. From the experiment this bottom
dose is better for develop.
Using a bottom dose of 20 J/cm3 the incident equivalent dose can be calculated
using an online program provided by CAMD (table 3.2). The sample was exposed
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to the collimated x-rays at the 1.3Gev XRLM 3 beam line. A 9 µm aluminum
filter was put in front of the x-ray mask to absorb lower energy photons to reduce
the heat load on the mask and to reduce the top-to-bottom dose ratio of the SU-8
(at the time of the exposures, there was no quantified data concerning allowable
SU-8 dose ratios. It seems empirically that the top-to-bottom dose ratio can be
extremely high without consequence. The bottom dose received by SU-8 can be
ensured. In these exposures, the scan length was equal to 1.8 inch.
Table 3.2 Exposure data for samples
Thickness
(µm)
1 1500
2 1550

Be

Al

Graphite Scanlength Bottom
dose
250
1.8”
20J/cm3
250µm 9µm

Dose
(mA.min)
1438
1486

3.3 Post Exposure Bake
Following exposure, a post exposure bake must be performed to selectively crosslink the exposed portions of the film. SU-8 can be post exposure baked either on a
hot plate or in a convection oven. Optimum cross-link density is realized through
careful adjustments of the exposure and PEB process conditions [9]. Postexposure baking was performed in a convection oven following the procedure
below:
a. Set the oven temperature 60°C
b. Put the SU-8 sample into the oven and then adjust the temperature to 96°C
c. Once the sample reaches 96 °C, maintain at 96 °C for 20 minutes.
d. Adjust the temperature to 60°C and let the sample cool down.
e. Take out and let the sample cool down to the room temperature.
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3.4 Development
Development transforms the latent resist image formed during exposure into a
relief image that will serve as a mold for the following step electroplating. During
the development process, selective dissolving of the resist takes place. A wet
etching technique is used to dissolve the SU-8.

SU-8 developer (From

Microchem Corp.) was selected as the developing solution. During development,
the SU-8 sample was suspended on a stir bar and immersed in a beaker of
developer. The stirring couldn’t be too strong, or the structures might be
damaged.
After two hours, the sample removed from the SU-8 developer and rinsed with
IPA on the pattern area to determine if the development was complete. If no
white residue was produced, then the sample was rinsed in fresh SU-8 developer
one more time, rinsed in DI water, and checked with the microscope (yellow light
only). If any undeveloped SU-8 was seen, then the sample was placed in SU-8
developer again. SEM photos of SU-8 features using the small metal seal mask are
shown in (Figure 3.3). In general, it was found that the development process was
controlled by the following conditions.
a) Empirically, soft baking time seems to be a key factor for successful
development. When the SU-8 is pre-baked longer, less solvent will stay in the
SU-8 sample and it is easier to machine, but it seems more difficult to
develop.
b) With agitation rate increasing, the development rate is increased.
c) Because the sensitivity of the SU-8 is very high, great care must be taken to
limit the top dose absorbed beneath the absorber regions. This is done by
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taking great care to limit exposure of the entire SU-8 sample prior to x-ray
exposure and by ensuring that the gold absorber thickness is sufficiently high
to prevent radiation from leaking under the absorber pattern. This is still an
area of active research.
d) Characteristic of the pattern of the structure can affect the development. The
minimum feature size and the aspect ratio are two factors of structures that
have effect on develop. It’s more difficult to develop samples with smaller
feature size and greater aspect ratio.

Figure 3.3 SU-8 posts for making a molding insert of small metal seal

3.5 Nickel Electroplating
Nickel electroplating is a mature technique used in the µSET Laboratory. The
nickel sulfamate electroplating bath recipe that was used to electroform a mold
insert is given in Table 3.3.
The electroplating process is described as follows:
a. The container for the electroplating solution was placed in a water bath at
a temperature of 58° C.
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Table 3.3 Nickel sulfamate bath compositions
Component

Amount per 1000ml final
solution
450ml

Nickel sulphamate (50% aqueous
solution
Boric acid
Lauryl Sulfate
Water

37.5g
3g
To 1000ml final volume

b. The electroplating solution was filtered with 5 um filter paper, then 1.6 um
filter paper.
c. The pH of the solution was adjusted to 4 using diluted sulfuric acid
(H2SO4) to adjust for PH>4 or diluted NaOH for PH<4.
d. Galvanostatic control was used during the plating process. The total area
initially to be electroplated was 8.69 cm2 and the current density used is 20
mA/cm2. So the total current was 180 mA. This current density was used
to produce a deposit with relatively low internal stress that was needed to
ensure planarity of the insert after it was debonded from the steel substrate.
Taking the electroplating efficiency as 100%, from the Faraday’s Law, we can get
the electroplating rate is about 24 µm/hr assuming a current density of 20
mA/cm2. The plating fills the voids in the SU-8, and eventually the overplated
regions merge and form a continuous overplated layer. Since the plated nickel
part will function as a mold insert, the overplated base should be several
millimeters thick. To achieve sufficient overplating thickness, the electroforming
process was continued for twelve days, and the sample was taken out. The
electroformed nickel part was separated from the stainless steel substrate with
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moderate mechanical force. To fabricate a mold insert, the overplated region is
machined as desired, but that was not necessary in this effort. An SEM of the
overplated nickel insert with embedded SU-8 hexagonal posts after separation
from the substrate is shown in Figure 3.4.

Figure 3.4 Top view of the nickel mold insert with embedded SU-8 hexagonal
posts

3.6 SU-8 Removal
SU-8 removal is one of the most challenging problems associated with its use.
Methods to remove SU-8 were reviewed in chapter 2. One of the most widely
used methods, O2 and CF4 plasma, does work well for removing SU-8 features as
high as 750µm [13].

But plasmas are ineffective at removing SU-8 from high

aspect ratio, deep recesses. We are looking for a general approach that will work
for all types of SU-8 features; the used of plasma is not considered a good method.
The excimer laser method is impractical for removing thick resist features (i. e.
1500 µm) as the time to remove the material is excessive. The molten salt method
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can be utilized on very low aspect ratio features or on parts with no included SU-8
[16]. But the aspect ratio for our mold insert is about fifteen, so this method was
not considered here. As for SMST-S stripper, it’s too expensive ($1000 per
1000ml) to be used commercially. Furthermore, it hasn’t been shown that the
SMST-S stripper can remove the trapped SU-8 in the nickel mold insert without
damaging the nickel mold insert. So this method was not selected for removing
the exposed SU-8 from the nickel mold insert. Since the mold insert is made of
nickel, it’s strong enough to be heated in 600°C oven. Of course, the nickel mold
insert surface will be oxidized in this process, which will potentially affect the
surface quality of its features. To reduce oxidation, the ashing method is another
promising alternative. The ashing process consists of heating the mold insert to
600°C in a nitrogen environment. In summary, ashing is an inexpensive and
effective method to remove the exposed SU-8 trapped in the mold insert. The
table below gives the details of the SU-8 removing process. The nickel mold insert
with SU-8 posts embedded in was cut into four samples. Firstly, one sample was
burned in air at 500°C for 6 hours. Next, another sample was heated in nitrogen
environment at 600°C for 3 hours. The detail procedures are shown in the table
3.4.
Table 3.4 The procedures of removing SU-8 from the mold insert
Ashing in air

Ashing in nitrogen

Burn in air condition at 500°C for Ashing in N2 at 600°C for 3 hrs
6hrs.
Use ultrasonic bath to clean in acetone for 30 minutes.
Air dry.
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Since the mold insert pattern is regularly organized hexagon holes (figure 3.4),
it is impossible to analyze the sidewalls of the hexagon holes by using optical
microscopy. Therefore, the Scanning Electron Microscopy (SEM) was used to
analyze the SU-8 stripping effects. SEM photos were taken to analyze the SU8 residue left behind after the removal procedures. However, because of the
high aspect ratio of the features, it was not possible to see the bottom surface
of the pits in the mold insert. To obtain a clear view of the insert features, the
electroplated nickel mold insert was cut into small parts by using diamond
saw. The cross section was sawed as straight, smooth and vertical as possible.
Next, the cross section was polished by using a series of sand paper grits from
number 200 to number 600. The result of the SU-8 removing is shown by the
SEM photos of sidewalls of the hexagon holes in figure 3.5a, b, c, and d.

Figure 3.5a Cross section of the structures burned in air
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Figure 3.5b Top surface and sidewalls

Figure 3.5c Sidewalls of structures burned in nitrogen
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Figure 3.5d Top surface and sidewall of structures burned in nitrogen
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Chapter 4 Discussions
The mold insert fabrication procedure described in Chapter 3 was relatively
straightforward, but it did involve a high temperature cycle in an oven to remove
the SU-8. W. Bacher etc. [17] have given a graph about the relation between the
hardness and the annealing temperature (figure 4.1) of electroplated deposits.
From the figure, the hardness is almost unchanged when the nickel is annealed at
the temperature below 200°C.

Our sample, however, was brought to a

temperature of more than 500°C for more than three hours, so the hardness (and
mechanical strength) should have decreased.

Figure 4.1 Hardness HV0.1 as a function of the annealing temperature of
electroplated nickel from the standard electroforming bath. Annealing time:
1h
The mechanical strength and hardness are important material properties of the
mold insert. In this Chapter we quantify the degree to which the hardness and
strength values degrade due to the high temperature heat treatment.
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4.1 Microhardness
Strength is one important parameter associated with mold inserts.

During

embossing, injection molding, and release, the micro features of the mold should
be strong and not deform/break.

A second important parameter is hardness.

Especially in cases where hard particles are injected (such as ceramic powder),
hard mold inserts are required to reduce the rate of wear and to provide long life.
The hardness of electroplated nickel is known to decrease as a function of heat
treatment. To quantify the reduction of hardness in our case, the micro hardness
tests of heat-treated and non -heat-treated samples were performed. The samples
are shown in figure 3.4.
Knoop microhardness tests were performed to measure the hardness of the top
surface of the nickel bulk samples. In the Knoop microhardness measurement,
and elongated diamond pyramidal indenter (the angle between long and short
edges are 170.30° and 130°) is used, producing a parallelogram impression. The
Knoop microhardness was obtained from tables according to the measured length
of the longer diagonal.
In this research, the Knoop microhardness measurements were made with a
microhardness tester (Future-Tech, MF-10) using a 100 g load for a duration of 15
seconds. For both the non-heat treated and heat treated nickel bulk samples, the
load and the duration time were identical. For each of the nickel bulk, the top
surface was polished with a series of sand paper from number 200 to number
1000.
From the table 4.1 we can see that the microhardness of the heat-treated is 46.8%
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Table 4.1 Knoop microhardness for both samples
Test points

1

2

3

4

5

Average

Non heat treated

303.3

306.8

313.2

319.9

311.4

310.92

Heat treated

177.3

161.7

152.2

167.8

168.1

165.42

less than non-heat treated samples. This result is consistent with the experiment
done by W. Bacher (figure 4.1) [17].

4.2 Strength
By using SU-8 LIGA technique we talked above, an overplated nickel mold insert
with a nickel post pattern was fabricated. The posts have regular hexagonal cross
section and the length of one side 300µm and length 1000 µm (figure 4.2a, b).
The electroplating parameters used to grow the field of posts are very similar to
those listed in Chapter 3. The insert was cut into four different pieces. Two were
heat treated at 600 °C for three hours; two were non-heat-treated.

Figure 4.2a Photo of non heat treated
posts in figure 4.4a

Figure 4.2b Photo of heat treated posts
in figure 4.4b

A number of posts from both the sample that was heat-treated and the sample that
was not heat-treated were tested in bending using a micro cantilever testing
apparatus that has been developed at LSU [18]. In these tests samples mounted to
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a base plate and the deflection-load data at a point near the tip of the post is
measured. A schematic of the test is shown in Figure 4.3. The load output from a
force cell (F) is plotted as a function of displacement of the x-y stage on the Nikon
microscope.

The displacement of the stage has two components. The first

component is associated with the compliance of the force cell.

The second

component is associated with the compliance of the post. The deflection of the tip
of the post relative to the base, δ, at any given force, F, is equal to the total
deflection minus the deflection associated with the load cell.

Figure 4.3 Schematic of test cantilever test geometry
The force (F) was applied 950 µm from the base (L= 950 µm) for both non-heattreated and heat-treated cases.

For each post, measurements were made to

quantify the cross sections of each post. Figures 4.4a and 4.4b provide the forcedisplacement of the non-heat-treated and heat-treated posts, respectively. The
actual displacement of the post, δ, equals the total displacement provided on
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Figures 4.4a and 4.4b minus the displacement of the load cell at a particular load,
also given shown on those figures.
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Figure 4.4a The strength of heat-treated nickel posts
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Figure 4.4b The strength of non-heat-treated nickel posts
The parameter that best defines strength in a cantilever beam test is the modulus
of rupture, σR, which is defined by the equation:

σR =

Mfc
I
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Where Mf is the bending moment at the failure plane and c/I is the section
modulus. The moment of inertia is computed as I=bt3/12 and the distance to the
extreme fiber in stress is c=t/2 (figure 4.3).
For our case, the two sets of posts had identical geometry and the force was
applied at the same distance from the base. Therefore, the modulus of rupture is
proportional to the maximum load that the post can support. It is obvious by
comparing Figures 4.4a and 4.4b that the maximum force that can be carried by
the heat treated samples is significantly less than for the non heat treated samples
(2.2 Newtons versus approximately 3.5 Newtons). Therefore, the modulus of
rupture decreases by approximately 38% after heat treatment. The modulus of
rupture values of both sets of samples is shown in Figures 4.5a and b.

Modulus of Rupture
the sixth value set is average
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the sixth value set is average
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Figure 4.5a The modulus of rupture of heattreated nickel posts
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Figure 4.5b The modulus of rupture of
non-heat-treated nickel posts

Chapter 5 Conclusions and Suggestions
5.1 Conclusions
A fabrication process for high thickness LIGA nickel mold inserts using SU-8
photoresist has been developed in this thesis. Several mold inserts with thickness
higher than 1000 microns were formed. The ashing method has been shown to
successfully remove the SU-8 embedded in the nickel mold inserts. Finally, the
stress properties and the hardness of the nickel mold inserts were tested. For some
applications, the degradation of strength and hardness is still acceptable. For other
applications, alloys should be electroplated whose properties do not degrade
during the heat treatment that accompanies SU-8 ashing removal process.

5.2 Suggestions
Although this thesis has demonstrated that LIGA using SU-8 photoresist is an
economic and timesaving method to fabricate mold inserts with very high
thickness (>1000 microns), it still has some shortcomings that can be overcome.
First of all, the high temperature heat treatment used to remove the exposed SU-8
embedded in the mold inserts results in a fairly significant decrease of the
hardness and the strength. Some electroplated alloys do not weaken with heat
treatment. So we can try to electroplate some metal alloys instead of pure nickel.
Then, after the mold inserts are heat treated, the decrease of strength and the
hardness will be reduced.
Secondly, for high aspect ratio and high thickness mold inserts, it is very difficult
to separate the molded plastic material (i.e PMMA) from the nickel mold inserts,
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which limits the application of high aspect ratio and high thickness mold inserts.
Tapered mold inserts should reduce the magnitude of the debonding problem.
The mold fabrication process that has been outlined in this thesis can be easily
modified to make tapered mold inserts. A multi-step x-ray exposure (Figure 5.1),
at a given tilt and any number of rotation settings, is used to pattern the SU-8. The
combination of tilt and rotation allows radiation "under the absorber patterns" so
that, for example, holes in the mask produce conical volumes in the resist that
have been exposed to radiation. In the case of the negative resist SU-8, the resist
is cross-linked by radiation and therefore does not dissolve where exposed. After
development, SU-8 features are produced with planar, smooth sidewalls, and a
desired taper that equal to the incline of the substrate/mask relative to vertical
orientation. After development, an electroforming process is used to produce a
metallic mold insert.
Regions where Su-8 is exposed

Axis of rotation of
mask/photoresist
Collimated x-ray
Metal substrate

Gap

Su-8 photoresist

Gold absorber

Figure 5.1 Multi-exposure of SU-8
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